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The linker-histone family is a heterogeneous family of highly tissue-specific, basic proteins, which exhibit significant variations in sequence (1, 2) . However, most eukaryotic linkerhistones H1 share a similar, tripartite structure consisting of a globular domain flanked by two lysine-rich tails, a shorter amino-terminal domain (N-tail) and a longer, carboxyl-terminal one (C-tail) (3) . Linker-histones H1 are known to attach close to the entry and exit sites of linker-DNA on the nucleosome core bringing together two linker-DNA segments (4) (5) (6) . Studies have shown that the globular domain is responsible for this positioning (7, 8) . The globular domain with a diameter of 2.9 nm is the only domain that is folded in solution exhibiting three -helices (9) (10) (11) . Its most noticeable structural features are the two DNA-binding sites situated on opposite sides of the molecule (12) , which with the help of the C-terminal domain render H1-chromatin binding highly dynamic (13, 14) .
Despite positioning along the nucleosome core particle, it is not the globular domain but rather the highly positively charged C-tail that imparts to linker-histones their unique ability to bind to linker-DNA through non-specific electrostatic interactions (6, 15, 16) . In vivo, the absence of C-tails leads to greatly reduced chromatin binding (17) . Binding of linker-histones to the linker-DNA facilitates the shift of chromatin structure towards more condensed, higher order forms (18) Although a chromatin fiber lacking linker-histones is able to fold to a certain extent (19) , there is abundant evidence that the highly ordered chromatin compaction of the 30 nm fiber is only attained in the presence of linker-histones (5, 18, 20) . In vivo studies on H1 depleted chicken cells have shown an altered chromatin structured as well as chromosomal aberrations and increased DNA damage during replication, suggesting that H1 was involved in transcription regulation (21) . Linker-histones help to select a specific folding state from among the set of compact states reached in its absence by contributing to the free energy of chromatin folding (22) . This suggests that linker-histones are of central importance in genome organization and regulation.
Since the linker histone's position on the nucleosome is still a matter of debate, understanding more closely its interaction with DNA upon condensing it is therefore essential for understanding the role H1 plays in gene regulation and chromatin structure. It has been argued that H1/DNA assemblies are an excellent model system for studying aspects of the interaction of H1 with chromatin. H1/DNA interaction in vitro (15, (23) (24) (25) (26) (27) (28) (29) (30) (31) was reported to be dependent on the ionic strength (23, (31) (32) (33) , suggesting an interaction governed by electrostatics. At high salt concentrations the screening of interactions was so significant that assembling was no longer reported (34) , denoting a rather weak binding in comparison to protamine-DNA assemblies that can still be formed even at monovalent salt concentrations as high as 1.3M (35) . Thus, reinforcing the belief that H1 is a highly mobile chromatin component compared to the germinal chromatin which is made mechanically stable and transcriptionally inactive by strong protamine binding. In a more general context, the H1/DNA system can be regarded as a model for non-specific DNA-protein interactions. Herein, using the innovative junction between X-ray scattering and microfluidics, we probed linker histone/DNA interaction dynamics and structure formation in real-time. A microfluidic channel with a cross geometry device provides means to control mixing of H1 and DNA uncovers a two-step assembly process. The non-specific binding of linker histones to DNA lead to the formation of primary assemblies with a columnar hexagonal structure governed by electrostatic interactions. As the binding reaction evolves and the concentration of H1 histones increases, the columnar structure rearrange to less organized assemblies with smaller correlation lengths. We attribute the latter observation to an additional bending of DNA molecules induced by the interaction of the linker histones tails with DNA.
Results and discussion.
Aside from advantages such as reduced sample volumes and the possibility of high throughput and parallel operations, microfluidic techniques are particularly useful for investigations of biomaterials. Importantly the combination of using microfluidics and X-rays, significantly reduces radiation induced damage of the sample -an important experimental consideration given the damage X-rays cause to protein solutions (36) . The hydrodynamic focusing device used here consists of two perpendicular microchannels in the form of a cross with three inlets and one outlet. A semi-diluted aqueous DNA solution is injected in the reaction channel and hydrodynamically focused by two side streams of aqueous H1 solutions. Quantifying local conditions in microfluidic devices. Polarized light microscopy has been used widely to study DNA assemblies, which are known to be highly birefringent (37) (38) (39) .
The birefringence signal is increased upon self-assembly of DNA aggregates under conditions of alignment and elongation which are imposed by using microfluidic devices. Concurrently, combining microfluidics with polarized light microscopy provides a fast and easy access to (42) . Since DNA has a significantly higher electron density than H1 proteins, the DNA self-assembly promotes or leads to the formation of mesophases that dominate the scattering profile. At positions close to the middle of the cross channels, the diffraction intensity curve is composed of a broad peak with a shoulder in the low q values region. The best decomposition of this broad peak is successfully made by fitting two Lorentzian functions yielding peak positions q 1 and q 2 . In Figure 3 , this is shown for the scattered intensity at x = 100 µm.
In Figure 4a , the dependence of the peak positions q 1 and q 2 on the channel position x is given for the data set recorded at u DNA = 150 µm . s -1 . To elucidate their dependence on assembly composition, it is reasonable to plot quantities of interest versus N/P obtained from simulations. This is shown for q 1 and q 2 in Figure 4b .
Plotting quantities extracted from X-ray diffraction data obtained at different flow velocities against N/P allows for superposition of all data onto a single plot showing their dependence on composition. In Figure 5a this is demonstrated for peak positions q 1 (lower curve) and q 2 (upper curve) measured along the streamline in the center of the reaction channel (y = 0 x > 2200 µm) in Figure 5a , the peak at q 2 disappears leaving a single peak at q 1 . Associated with the disappearance of the peak at q 2 , the remaining peak q 1 shows a q max position at Structure of H1/DNA mesophases. Owing to the absence of higher order peaks, the detailed structure of formed H1/DNA mesophases cannot be ruled out. This is mainly due to the fact that spatial constrains of the beam-line limited the observable q-range to q < 2.67 nm -1 .
Furthermore, correlation lengths of formed H1/DNA aggregates are on the order of 10-70 nm.
For systems with such a reduced long-range ordering, scattering peaks of a structure with square symmetry is expected at a position
, which is well situated in the accessible q-range and should be therefore observable. Furthermore, minima of the form factor of the globular domain, which could account for an absence of the (110) peak, are situated at 1.55 and 2.66 nm -1 and are therefore not expected to be of influence. Accordingly, from an absence of peaks at this position, the in-plane structure of the mesophase exhibiting the peak at q 1 can be ruled out to be most likely a hexagonal one. Unfortunately, it is not possible to narrow down the structure of the mesophase exhibiting the peak at q 2 . Assuming hexagonal ordering, the lattice spacing d can be calculated according to the following relation:
. In Figure 5b The particular three domain structure of the linker histone induces a complex interaction with DNA leading to the formation of unique structures. Although unique, the DNA molecules within these structures are organized in a columnar hexagonal phase as it was shown in earlier studies using polarizing microscopy for investigating DNA dense phases induced by other polycations (45) . Previous work using electron microscopy grids to visualize H1/DNA complexes on an electron microscopy grid revealed that H1 molecules are sandwiched between two DNA helices forming a tram-track like pattern (12, 24, 25, 29) with a diameter Dynamics of H1/DNA assemblies structure formation. Figure 3 shows the existence of two overlapping diffraction peaks. The evolution of these peaks at different positions along the reaction channel is an evidence of a two-step process. At first, H1 binds electrostatically to DNA and the formed assemblies give rise to the diffraction peak at q 2 . A closer study of this diffraction peak reveals columnar hexagonal packing with DNA helices linked together by H1 molecules. The second step of the process is most probably due to the successive rearrangement of molecules in the formed assemblies which result in a structure yielding the peak at q 1 . Infrared (IR) spectroscopy studies have shown changes in the structure of the C terminal domain of H1 upon DNA binding (46) . In our experiments, this conformational transition can be monitored in terms of the intensity ratio I 2 /I 1 of the two Bragg reflections (Figure 5c ). A coexistence regime occurs over a relatively wide range of N/P ratios. It is characterized by an overlapping of the two relatively sharp peaks at q 1 and q 2 . With increasing N/P, I 2 /I 1 is gradually reduced reaching zero at N/P ≈ 1.8. This is the assembly composition at which the peak at q 2 is completely lost. The scattering is further characterized by a single peak at q 1 that both shifts to lower q values and broadens in q with a further increase of N/P. N/P ≈ 1.8 corresponds to 15 base pairs (bp) of DNA per H1 molecule. This result is in excellent agreement with sedimentation titration binding data that reported a binding density of one H1 molecule per 10-13 bp (N/P ≈ 2.5-1.9) (47) -a value relatively independent of salt concentration in the range of c salt = 14 mM-350 Mm (31, 47) . Moreover, our result is also consistent with nuclease digestion studies of chromatin which have shown that each linkerhistone protects approximately 10 bp from each end of the chromatosomal DNA (20, 32, 48) .
The experimental setup we used did not allow allow for a complete distinction between reaction time and composition dependent effects. In Figure 2d This structure has also been implicated in the formation of the 30 nm chromatin fiber (53).
Conclusion.
Based on the combination of microfluidics technology with X-ray microdiffraction we demonstrate that the interactions of H1 with DNA follow a two-step dynamic process. The efficiency of DNA compaction by H1 is influenced by multiple factors including flow velocities, diffusion and viscosity. We show that the first binding step is primarily due to electrostatic interactions between the DNA and the linker histone. Our results suggest that the organization of this phase is columnar hexagonal and is composed of domains with a long correlation length. Further on, due to the most certain rearrangement of histone tails within this dense phase, a loss of ordering is observed. Thus, domains with shorter correlation lengths are revealed which can be attributed to an additional bending of the DNA.
A potential direction for future studies involves monitoring of nucleosome core particle arrays/H1 assemblies dynamic formation and structure evolution in microflow. These assemblies may shed light on the 30 nm fiber formation in real-time. Our approach may be generalized and used to access additional relevant biophysical problems of chromatin compaction and decompaction in a single microfluidic experiment.
Materials and methods.
Materials. Calf thymus linker-histone H1 (isolated lysine rich fraction (54)) and lyophilized highly-polymerized calf-thymus DNA were purchased from Sigma-Aldrich GmbH, Taufkirchen, Germany. The average DNA chain length was determined from its molecular weight on an agarose gel, and a length of 6 µm was estimated. Microfluidic devices. X-ray compatible Kapton-Steel-Kapton microfluidic devices have been fabricated as described elsewhere (55) . Briefly, the microchannel structure is spark eroded in a thin stainless steel plate resulting in a microchannel structure, which is open on both sides.
The thickness of the plate defines the height of the microchannels. Adhesive Kapton foils coated with a poly(siloxane) layer (thickness 53μm, Dr.Müller GmbH, Allingen, Germany) are placed on both sides of the steel plate, such that the foils seal the device and serve as Xray transparent windows to the microchannel. Four holes are punched into the bottom Kapton foil fitting the channel ends of the steel plate and serving as inlets of the microfluidic device.
Using a thin double sided sticking tape with cavities at the inlet positions and the measuring area, the microfluidic device is mounted on a poly(methylmethacrylate) (PMMA) slab assisting the connection to the fluid pumping system. The center region of the PMMA support is milled out to provide an undisturbed pathway for X-ray beams. The connection to the pumping system is established by Teflon tubing implemented into male nuts (ProLiquid, Überlingen, Germany) that are screwed in the sockets of the PMMA support. The channels we used had a width of 100-150μm and a depth ranging from 200-300μm. molecules bind unspecifically to DNA with extended tails. In a second step, H1 tails fold upon interaction with DNA, distorting and bending thereby the DNA structure.
